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The cumulative emission of Axion-Like Particles (ALPs) from all past core-collapse supernovae
(SNe) would lead to a diffuse flux with energies O(50) MeV. We use this to constrain ALPs featuring
couplings to photons and to nucleons. ALPs coupled only to photons are produced in the SN core
via the Primakoff process, and then converted into gamma rays in the Galactic magnetic field.
We set a bound on gaγ . 5 × 10−10 GeV−1 for ma . 10−11 eV, using recent measurements of
the diffuse gamma-ray flux observed by the Fermi-LAT telescope. However, if ALPs couple also
with nucleons, their production rate in SN can be considerably enhanced due to the ALPs nucleon-
nucleon bremsstrahlung process. Assuming the largest ALP-nucleon coupling phenomenologically
allowed, bounds on the diffuse gamma-ray flux lead to a much stronger gaγ . 6× 10−13 GeV−1 for
the same mass range. If ALPs are heavier than ∼ keV, the decay into photons becomes significant,
leading again to a diffuse gamma-ray flux. In the case of only photon coupling, we find, e.g.
gaγ . 5 × 10−11 GeV−1 for ma ∼ 5 keV. Allowing for a (maximal) coupling to nucleons, the limit
improves to the level of gaγ . 10−19 GeV−1 for ma ∼ 20 MeV, which represents the strongest
constraint to date.
I. INTRODUCTION
Core-collapse supernovae (SNe) could be a cosmic fac-
tory of axions and axion-like particles (ALPs) [1–3], al-
lowing to probe these particles and their couplings with
a variety of techniques. In fact, the SN 1987A neu-
trino detection has been a milestone event also for ax-
ion physics [4–11]. The dominant production chan-
nel for QCD axions is the axion nucleon-nucleon (NN)
bremsstrahlung. Requiring that the axion emission does
not reduce the SN neutrino burst significantly limits the
nucleon-axion coupling to gaN . 10−9, the exact bound
depending on the specific axion model [12]. If ALPs cou-
ple only to photons, the dominant production mechanism
is the Primakoff process. In this case, the energy loss ar-
gument leads to competitive limits compared with other
observations only for masses & 50 keV. However, also for
small masses the SN ALP flux can still lead to interest-
ing constraints. In the case of light ALPs, the SN pro-
duced ALPs can convert into gamma rays in the magnetic
field of the Milky Way [13, 14]. The lack of a gamma-
ray signal in the Gamma-Ray Spectrometer (GRS) on
the Solar Maximum Mission (SMM) in coincidence with
the observation of the neutrinos emitted from SN 1987A
therefore provided a strong bound on ALPs coupling to
photons [13, 14]. Notably for ma < 4×10−10 eV the most
recent analysis finds gaγ < 5.3 × 10−12 GeV−1 [15]. On
the other hand, heavy ALPs (ma ∼ O(0.1 − 100) MeV)
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can decay into gamma rays on their route from the SN
to Earth and the non-observation of a gamma-ray sig-
nal in coincidence with the SN 1987A implies the bound
gaγ < 3× 10−12 GeV−1 at ma ∼ 50 MeV [16].
The physics potential of a future SN explosion in im-
proving these bounds has been also explored. In partic-
ular, it has been realized that if a Galactic SN would ex-
plode during the lifetime of the Fermi satellite, one could
improve significantly the previous constraints [16, 17].
Furthermore, a search for gamma-ray bursts from ex-
tragalactic SNe with the Large Area Telescope aboard
the Fermi satellite (hereinafter Fermi-LAT) has yielded
the limit gaγ < 2.6 × 10−11 GeV−1, for ALP masses
ma < 3 × 10−10 eV, under the assumption of at least
one SN occurring in the detector field of view [18]. Also
it has recently been discussed that if a SN explosion oc-
curs within few hundred kiloparsecs from the Earth one
may detect the emitted ALPs with an upgraded version
of a next-generation helioscope [19].
However, (extra-)galactic SNe are rare and unpre-
dictable events. Therefore, it is interesting to investigate
if one can rely on a guaranteed SN ALP flux without
waiting for the next Galactic explosion. Indeed, it has
been shown in [20] that the cumulative axion emission
from all past core-collapse SNe in the Universe would lead
to a diffuse axion flux comparable with that of neutrinos.
While the diffuse SN neutrino background is potentially
detectable in Super-Kamiokande enriched with gadolin-
ium [21, 22], the analysis of [20] indicates that a detection
of the diffuse SN axion flux is very challenging. A possi-
bility would be to exploit the same scheme applied to SN
1987A: Axion production in the SN core and conversions
into photons in the Milky Way magnetic field. However,
crucially the analysis of Ref. [20] focused on QCD axions
with masses O(meV). Even though the axion production
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2in SN is significant, because of the efficient axion NN
bremsstrahlung process, the large axion mass hampers
the conversions into photons in the Galactic magnetic
field. In contrast, in what follows we want to consider
generic ALPs with mass and couplings completely unre-
lated. In this case, there exist significant regions in the
parameter space where we can have a large ALP produc-
tion and sizable photon conversions. This then provides
a gamma-ray signal which can be constrained by the dif-
fuse gamma-ray background measured by Fermi-LAT.
For heavier ALPs an alternative is to consider decays
into photons [16, 23]. Indeed, in [23] COMPTEL mea-
surements [24] have already been used to obtain limits
from this signature of the Diffuse SN ALP Background
(DSNALPB). Below we will return to this, allowing for
larger nucleon couplings and also including newer mea-
surements by Fermi-LAT.
Let us briefly outline our plan for the next sections.
In Sec. II we present the SN ALP flux for different
ALP models and calculate the diffuse SN ALP flux. In
Sec. III we characterize the ALP-photon conversions in
the Galactic magnetic field and we present our bounds
from the diffuse gamma-ray flux measured by Fermi-
LAT. In Sec. IV we consider the constraints coming from
the diffuse gamma-ray flux from the decay of heavy ALPs
produced in SNe. In Sec. V we comment on the perspec-
tive for improvements in sensitivity through next gener-
ation gamma-ray experiments in the MeV energy range.
Finally, Sec. VI provides a summary of our results and
conclusions.
II. SN ALP FLUXES
A. ALP emission from SNe
In the minimal scenario, ALPs have only a two-photon
coupling, described by the Lagrangian [25]
Laγ = −1
4
gaγFµν F˜
µνa = gaγ E ·B a . (1)
This interaction allows for ALP production in a stellar
medium primarily through the Primakoff process [26], in
which thermal photons are converted into ALPs in the
electrostatic field of ions, electrons and protons. In order
to calculate the ALP production rate (per volume) in
a SN core via Primakoff process we closely follow [15],
finding
dn˙a
dE
=
g2aγξ
2 T 3E2
8pi3
(
eE/T − 1)[(
1 +
ξ2T 2
E2
)
ln(1 + E2/ξ2T 2)− 1
]
. (2)
Here, E is the photon energy, T the temperature and
ξ2 = κ2/4T 2 with κ the inverse Debye screening length,
describing the finite range of the electric field surrounding
C [MeV−1] E0 [MeV] β grefax
γ → a 1.37× 1051 122.3 2.3 10−11 GeV−1
NN → a 9.08× 1055 103.2 2.2 10−9
ν¯e 7.8× 1055 9.41 1.6 N/A
TABLE I. Fitting parameters for the SN ALP spectrum from
the Primakoff process and NN bremsstrahlung. For compar-
ison we also show the parameters corresponding to the ν¯e
spectrum.
charged particles in the plasma. In order to get the total
ALP production rate per unit energy one has to integrate
Eq. (2) over the SN volume. As a reference, we con-
sider an SN model with an 18 M progenitor, simulated
in spherical symmetry with the AGILE-BOLTZTRAN
code [27, 28]. We note that the effect of the progenitor
mass in the ALP flux is rather mild. Indeed, in [15] some
of us have checked that differences between different stel-
lar models, e.g. in terms of peak temperatures and other
nuclear matter properties relevant for the ALP produc-
tion, are actually only of the order of a few percent.
Assuming ma  T , we find that the time integrated
ALP spectrum is given, with excellent precision, by the
analytical expression
dNxa
dE
= C
(
gax
grefax
)2(
E
E0
)β
exp
(
− (β + 1)E
E0
)
, (3)
where the values of the parameters C, E0, and β and the
relevant reference couplings grefax for the different channels
x are given in Table I. The spectrum described in Eq. (3)
is a typical quasi-thermal spectrum, with mean energy E0
and index β (in particular, β = 2 would correspond to a
perfectly thermal spectrum of ultrarelativistic particles).
If ALPs couple also with nucleons, the ALP NN
bremsstrahlung process
N1 +N2 −→ N3 +N4 + a , (4)
provides another efficient production channel [4]. In
Eq. (4), Ni are nucleons (protons or neutrons) and a
is the ALP field. The process (4) is induced by the
ALP-nucleon interaction described by the following La-
grangian term [29],
LaN =
∑
i=p,n
gai
2mN
N iγµγ5Ni∂
µa, (5)
with gai the ALP-nucleon couplings. This process has
been recently reevaluated in [12], including corrections
beyond the one-pion-exchange (OPE) approximation. In
this case, assuming ALPs coupled only to protons, one
finds the bound gap . 1.2 × 10−9, required to avoid an
excessive SN cooling that would have shortened the du-
ration observed SN 1987A neutrino burst.
Once again, the time-integrated spectrum is well rep-
resented by Eq. (3), with fitting parameters given in Ta-
ble I. Indeed neutrino emission can also be described by
3such a spectral shape. The corresponding parameters are
given in Table I for comparison. Note that, this latter
flux features a much lower average energy.
In Fig. 1 we show an example of the SN ALP fluxes
from the Primakoff process with gaγ = 5× 10−12 GeV−1
(dashed curve) and NN bremsstrahlung with gap = 10
−9
(continuous curve), i.e. we take both the couplings
close to their respective individual limits. We assumed
ma  10−11 eV in order to have seizable conversions
into photons in the Galactic magnetic field (see below).
One realizes that both the fluxes are peaked at E ∼ 100
MeV, but the flux from the NN process exceeds the one
from the Primakoff process by 7 orders of magnitude.
One thus expects that such huge fluxes would lead to
an important gamma-ray flux, after ALPs conversion in
Galactic magnetic field.
In more general models, we could also allow for ALP
interactions with electrons. An ALP-electron interaction
leads to ALP production in the SN core via the Comp-
ton effect (e−+γ → e−+a) and electron bremsstrahlung
(e−+Ze→ e−+a). In the SN environment electrons are
degenerate and the Compton effect is suppressed. There-
fore, the relevant production channel is bremsstrahlung.
This has the emissivity [1]
a = 1.26× 1040erg g−1s−1g2ae
〈
Z2
A
〉(
T
30 MeV
)4
F ,
(6)
where F is a numerical factor of order unity. In or-
der to respect other existing bounds on gae, we are
forced to consider at most gae ∼ 10−13 obtaining a ∼
1014 erg g−1s−1. Therefore this emissivity is orders of
magnitude smaller than the 1019 erg g−1s−1, which is pos-
sible in the case of NN bremsstrahlung. Clearly this pro-
cess can still be competitive if we consider a smaller ALP-
nucleon coupling but we prefer to reduce the number of
free parameters for the sake of clarity.
B. Diffuse SN ALP background
From the SN ALP flux described in the previous sec-
tion, one can calculate the DSNALPB from all past core-
collapse SNe in the Universe, in analogy to the well-
known prescription used in the neutrino case [20, 30]
dφa(Ea)
dEa
=
∫ ∞
0
(1 + z)
dNa(Ea(1 + z))
dEa
[RSN (z)]
[∣∣∣∣c dtdz
∣∣∣∣dz]
(7)
where z is the redshift. RSN (z) is the SN explosion rate,
taken from [31], with a total normalization for the core-
collapse rate Rcc = 1.25 × 10−4 yr−1 Mpc−3. Further-
more, |dt/dz|−1 = H0(1 + z)[ΩΛ + ΩM (1 + z)3]1/2 with
the cosmological parameters H0 = 67.4 km s
−1 Mpc−1,
ΩM = 0.315, ΩΛ = 0.685 [32]. For simplicity we as-
sume that the flux of ALPs from SNe of different masses
is well represented by the ones we calculated in the SN
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FIG. 1. SN ALP fluxes from the Primakoff process with gaγ =
5×10−12 GeV−1 (dashed curve) and NN bremsstrahlung with
gap = 10
−9 (continuous curve). The label on the right vertical
axis refers to the converted gamma-ray flux in the Galactic
magnetic field assuming the direction of the SN 1987A (see
the text for details). We assume ma  10−11 eV.
C [MeV−1cm−2 s−1] E0 [MeV] β grefax
γ → a 6.94× 10−6 74.6 1.75 10−11 GeV−1
NN → a 4.2 65.1 1.55 10−9
TABLE II. Fitting parameters of the DSNALPB spectrum
from Primakoff process and NN bremsstrahlung.
model used in the previous section. Given the mild de-
pendence of the ALP flux on the SN progenitor mass,
this assumption is consistent with the level of precision
we are working at.
We can parametrize the obtained DSNALPB spectrum
with the same spectral shape of Eq. (3). We show the
fitting parameters in Table II.
In Fig. 2 we show the DSNALPB fluxes for a pure pho-
ton coupling gaγ = 5× 10−12 GeV−1 (red dashed curve)
and a pure nucleon coupling gap = 10
−9 (black dashed
curve), compared with the ν¯e one (continuous curve). We
can see that the ALP flux is peaked at higher energies
(E ∼ 50 MeV) with respect to the neutrino one. More-
over, with the used ALP-nucleon coupling, the integrated
total flux is actually larger than that of neutrinos (note
that we have to integrate over energy which is shown log-
arithmically in Fig. 2, slightly obscuring the fact that the
relevant range is bigger for ALPs).
III. GAMMA-RAY FLUX FROM DSNALPB
CONVERSIONS
A. ALP–photon conversions in the Milky Way
Once ALPs are produced in a SN core, they can easily
escape the star since their mean free path in stellar mat-
ter is sufficiently large for the values of the coupling gaγ
that we are considering [14]. Then, they will propagate
4νe
NN→NNaγ→a
0.001 0.010 0.100 1 10 100 100010
-810
-710
-610
-510
-410
-310
-210
-11
10
E (MeV)
F(×M
eV
-1 cm
-2 s-
1 )
FIG. 2. DSNALPB fluxes from the Primakoff process with
gaγ = 5.3 × 10−12 GeV−1 (red dashed curve) and NN
bremsstrahlung with gap = 1.2 × 10−9 (black dashed curve),
compared with the diffuse ν¯e one (black continuous curve).
until they reach the Milky Way. There they can convert
into photons in the Galactic magnetic field. Indeed, the
Lagrangian given in Eq. (1) would trigger ALP–photon
oscillations in external magnetic fields.
The problem of photon-ALP conversions simplifies if
one restricts the attention to the case in which B is ho-
mogeneous. We denote by BT the transverse magnetic
field, namely its component in the plane normal to the
photon beam direction. The linear photon polarization
state parallel to the transverse field direction BT is then
denoted by A‖ and the orthogonal one by A⊥. The com-
ponent A⊥ decouples, while the probability for a photon
emitted in the state A‖ to oscillate into an ALP after
traveling a distance d is given by [25],
Pγ→a = (∆aγd)2
sin2(∆oscd/2)
(∆oscd/2)2
. (8)
Here, the oscillation wave number is [25]
∆osc ≡
[
(∆a −∆pl)2 + 4∆2aγ
]1/2
, (9)
with ∆aγ ≡ gaγBT /2 and ∆a ≡ −m2a/2E. The term
∆pl ≡ −ω2pl/2E accounts for plasma effects, where ωpl
is the plasma frequency expressed as a function of the
free electron density in the medium ne as ωpl ' 3.69 ×
10−11
√
ne/cm−3 eV. For our benchmark values of the
relevant parameters, numerically we find
∆aγ'1.5× 10−2
(
gaγ
10−11GeV−1
)(
BT
10−6 G
)
kpc−1 ,
∆a'−7.8× 10−4
( ma
10−11eV
)2( E
10 MeV
)−1
kpc−1 ,
∆pl'−1.1× 10−5
(
E
10 MeV
)−1 ( ne
10−3 cm−3
)
kpc−1 .
One realizes that for ma  10−11 eV and E & 10 MeV,
this becomes energy-independent, Pγ→a ' (∆aγd)2,
since ∆aγ  ∆a,∆pl.
Measurements of the Faraday rotation based on pul-
sar observations have shown that the regular component
0 0.2 0.4 0.6
Paγ (×10-4)
FIG. 3. Skymap in Galactic coordinates of the a → γ con-
version probability, starting from a pure ALPs beam at the
outside boundary of the Galaxy, for the Jansson and Farrar
magnetic field model derived in [33]. We have taken the en-
ergy to be E = 50 MeV, the coupling gaγ = 3× 10−13GeV−1
and ma  10−11 eV. The white circle represents the Galactic
coordinates of the SN 1987A.
of the Galactic magnetic field is parallel to the Galactic
plane, with a typical strength B ' a few µG, and radial
coherence length lr ' 10 kpc [34]. Inside the Milky Way
disk the electron density is ne ' 1.1× 10−2 cm−3, result-
ing in a plasma frequency ωpl ' 4.1× 10−12 eV. Among
the possible magnetic field models proposed in the liter-
ature, we take the Jansson and Farrar model [33] as our
benchmark, with the updated parameters given in Ta-
ble C.2 of [35] (“Jansson12c” ordered fields). Due to the
presence of a rather structured behavior in the Galactic
magnetic field, the propagation of ALPs in the Galaxy is
clearly a truly 3-dimensional problem. Due to the varia-
tions of the direction of B the same photon polarization
states play the role of either A‖ and A⊥ in different do-
mains. We have closely followed the technique described
in Ref. [36] (to which we address the reader for more
details) to solve the beam propagation equation along a
Galactic line of sight. Finally, the differential photon flux
per unit energy arriving at Earth is given by,
dΦγ
dE
=
1
4pid2
dN˙a
dE
× Paγ , (10)
where d is the SN distance.
An illustrative sky map of the line-of-sight dependent
probability for an ALP starting at the edge of the Galaxy
to convert into a photon at Earth is shown in Fig. 3 for
our chosen reference Jansson and Farrar magnetic field
model. The probability of a→ γ conversion is generally
larger towards the Galactic center due to the presence of
the X-shaped field and to the large vertical scale height
of the halo field. For light ALPs, when the mass effects
in the oscillation probability can be ignored, the photon
spectrum has the shape
dFγ
dE
=
(
a(E)g2aγ,11 + b(E)g
2
aN,9
)
g2aγ,11, (11)
5with gaγ,11 = gaγ ·1011 GeV, gaN,9 = gaN ·109. Both func-
tions a and b have the shape given in Eq. (3). Specifically,
a(E) = A
(
E
E0
)β
exp
(
− (β + 1)E
E0
)
, (12)
with A = 2.7× 10−9 MeV−1 cm−2 s−1, and
b(E) = B
(
E
E0
)β
exp
(
− (β + 1)E
E0
)
, (13)
with B = 7.1 × 10−4 MeV−1 cm−2 s−1. All the other
parameters are as given in Table II.
B. Limits from SN 1987A
Let us briefly comment on the limit obtainable from SN
1987A. Assuming a SN with the position coincident with
SN 1987A (corresponding to a distance d = 50 kpc with
a Galactic latitude b = −32.1◦ and longitude l = 279.5◦)
one finds that the energy-independent ALP-photon con-
version probability would scale as Paγ = 0.15× g210. The
resultant photon flux is quoted in the right y-label of
Fig. 1. Following [15] one should impose that in the
energy window E ∼ [25, 100] MeV, the time-integrated
photon flux (over 10 s) should be smaller than 0.6 cm−2,
in order not to exceed the background measured by the
the Gamma-Ray Spectrometer (GRS) on the Solar Max-
imum Mission. Fixing gap at the previous value we find
an upper bound on gaγ < 3.4 × 10−15 GeV−1. There-
fore, assuming a value of gap close to the bound allowed
by SN 1987A energy loss, improves the limit on gaγ by
three orders of magnitudes compared to the case of ALPs
coupled only to photons.
C. Limits from DSNALPB
As already suggested in [20] one can also place a bound
on the ALP coupling, comparing the diffuse gamma-ray
flux coming from ALP conversions with a measurement
of the total diffuse gamma-ray cosmic background.
The diffuse gamma-ray background associated with the
DSNALPB can be obtained by convolving the ALP flux
with the conversion probability in the Galactic magnetic
field. In principle this yields a map with a strong depen-
dence on the direction in the sky as shown in Fig. 3. In
the following we make use only of the average flux. A de-
tailed statistical analysis comparing the angular pattern
with the observational data is left to future work.
The most recent measurement of the diffuse gamma-
ray background at O(100) MeV has been performed by
Fermi-LAT [37]. The so-called isotropic diffuse gamma-
ray background, or IGRB, is obtained by fitting the
gamma-ray sky with an isotropic spatial template on top
of known Galactic and extragalactic gamma-ray emis-
sion components, both diffuse and point-like. The IGRB
gaγ=5.5×10-13GeV-1 gap=10-9
gaγ=5.3×10-11GeV-1 gap=0
Fermi-LAT
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FIG. 4. Comparison of the diffuse gamma-ray flux from SN
ALP conversions with the diffuse gamma-ray flux measured
by the Fermi-LAT experiment.
is thus supposed to be the result of the superposition
of Galactic and extragalactic contributions to the cosmic
diffuse emission, not accounted for by known gamma-ray
emission processes. These contributions may come from
faint-luminosity populations of astrophysical objects such
as active galactic nuclei (AGN) and external galaxies1
but also from some more exotic sources such as dark
matter decay/annihilation or in our case ALPs. To be
conservative, in the following, we take the whole of the
IGRB as the maximal contribution allowed for ALPs to
set our limit on the coupling.
For the present analysis we use the latest IGRB mea-
surement provided by the Fermi-LAT collaboration,2 for
the ULTRACLEANVETO event class selection. For
E & 50 MeV, one can fit the IGRB measured flux with
a power law
Φγ(E) = 2.2× 10−3E−2.2 MeV−1 cm−1 s−1 sr−1 .
(14)
Both the deviations from this fit as well as the experi-
mental errors are reasonably small in the range relevant
to us. As we are using the whole flux to set our limits,
these uncertainties can be neglected and we are justified
in using this fit.
In Fig. 4 we compare the diffuse gamma-ray flux mea-
sured by the Fermi-LAT experiment with the gamma-ray
flux expected from conversions of DSNALPB. We con-
sider ma  10−11 eV. We see that for gap = 0 one gets
a bound gaγ . 5.3× 10−11 GeV−1. If we consider also a
non vanishing ALP-proton coupling, assuming it at most
gap = 10
−9, we get gaγ . 5.5× 10−13GeV−1.
In Fig. 5 we compare the bound on light ALPs from the
DSNALPB with other constraints on the ALP parameter
1 Note that, the IGRB measurement (intensity and energy spec-
trum), therefore, strongly depends on the ability of the instru-
ment to resolve individual point-like sources.
2 Available at https://fermi.gsfc.nasa.gov/ssc/data/access/
lat/BackgroundModels.html
6Transparency
hints
NS hint (gaN=10-9)
Fermi
NGC1
275
IAXO
BabyIAXO
CAST
ALPS-II
DSNALPB (gaN=0)
CHANDRA
NGC1275
SN 1987A
DSNALPB (gaN=10-9)
SN 1987A (gaN=10-9)
10-12 10-11 10-10 10-9 10-8 10-710
-15
10-14
10-13
10-12
10-11
10-10
FIG. 5. Summary plot of constraints for light ALPs. Our
new limits from the DSNALPB are shown as the red area
and the red dashed line for the pure photon coupling and the
maximal nucleon coupling, respectively. The purple area gives
the pure photon limit from SN 1987A [15] and the dashed line
indicates the improvements possible with a maximal nucleon
coupling. We also show the limits from CAST [38] and the
sensitivities of Baby-IAXO [39], IAXO [39] and ALPS II [40].
Observations made by CHANDRA [41] and Fermi-LAT [42] of
NGC 1275 constrain the the green and darker purple regions.
The brown area delimits the hint of the anomalous trans-
parency of the Universe for gamma rays [43]. The hint [44]
from X-ray observations of neutron stars is shown in yellow.
space. We note that the DSNALPB bound is compara-
ble or better than the CAST bound from solar ALPs [38],
depending on the presence of the ALP-nucleon coupling.
However, when compared with the SN 1987A bound the
DSNALPB one is always less stringent. This is not sur-
prising since one expects a much larger ALP flux from
the SN 1987A than from the cumulative SN explosions.
Nevertheless, due to the criticisms sometimes expressed
towards the SN 1987A ALP bound, it is important to
have independent constraints based on a fresh set of data.
D. A hint from neutron stars
It was recently pointed out in [44] that X-ray emissions
of some isolated NS may be hinting at an ALP coupled
to photons and to neutrons.
To compare with our bounds we first note that their
result depends on the coupling to neutrons. Our limits
are computed using a coupling to protons but up to a
numerical factor close to 1 they also apply to a coupling
to neutrons. In Fig. 5, we show the suggested region
in our plot under the assumption that the coupling to
nucleons is maximal. Thus, the hinted region should be
compared with the curves from DSNALPB and SN 1987A
that include the corresponding couplings to nucleons. As
we can see, a sizable part of the region hinted at by the
NS observations is already excluded by the spectrum of
the diffuse cosmic background as measured by Fermi-
LAT and even a larger part by the non-observation of a
gamma-ray flux by the SMM during SN 1987A.
IV. GAMMA-RAY FLUX FROM DSNALPB
DECAY
Fundamentally, ALPs are unstable. They can decay
into two photons and, if massive enough, into other
fields they are coupled to. The decay rate into two pho-
tons [45, 46]
Γaγγ =
g2aγm
3
a
64pi
, (15)
is extremely small for light ALPs. For example, accord-
ing to Eq. (15), an ALP of mass 1 eV and coupling to
photons gaγ = 10
−10 GeV−1 has a lifetime of 1.3×1025 s,
several orders of magnitude longer than the age of the
Universe. That justifies neglecting the ALP decay in our
previous discussion.
Yet, the decay rate grows rapidly with the mass. In-
deed, ALPs with a mass above a few keV have a non-
negligible probability of decaying into photons on their
way to Earth, thereby contributing to the gamma-ray
background. In this section, we discuss this signature,
which has also already been employed in [23].
Concretely, Eq. (15) results in a decay length for the
ALPs given by
lALP =
γv
Γaγγ
=
Ea
ma
√
1− m
2
a
E2a
64pi
g2aγm
3
a
' 4× 10−3 ly
(
Ea
100 MeV
)(
10 MeV
ma
)4
×
(
10−10 GeV−1
gaγ
)2
. (16)
The photon flux from decaying ALPs from a SN can be
expressed as
dNγ(Eγ)
dEγ
= 2× [1− exp(−d/lALP)]dNa(Ea)
dEa
, (17)
where we use the approximation Ea = 2Eγ .
Note that, in the range of couplings and masses we are
considering here, the decay length is sufficiently large for
us to assume that all ALPs decay in a region transparent
to photons, lALP  3× 1012cm (see [47]).
If lALP . 1/H0 a sizable fraction of ALPs from cosmo-
logical distances decay before they reach Earth. In this
case we expect a diffuse gamma-ray flux originating from
the decay of heavy ALPs into photons. This can be ob-
tained by inserting the photon flux, Eq. (17), instead of
the ALP flux into the cumulative flux formula, Eq. (7).
In order to get a bound on the coupling gaγ we com-
pare the diffuse photon flux generated by ALP decays
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FIG. 6. Comparison of the diffuse gamma-ray flux from heavy
SN ALP decay with the diffuse gamma-ray flux measured by
the Fermi-LAT and COMPTEL experiments. We consider an
ALP with a mass ma = 5 keV.
with the diffuse flux measured by Fermi-LAT at energies
E & 30 MeV, as given in Eq. (14). At lower energies
(0.8 − 30 MeV) we consider the experimental gamma-
ray background flux measured by the COMPTEL exper-
iment [48, 49]
φγ(E) = 1.05× 10−4
(
E
5 MeV
)−2.4
cm−1 s−1 sr−1 .
(18)
The flux limits from Fermi-LAT and COMPTEL to-
gether with two exemplary fluxes for an ALP with a mass
ma = 5 keV are shown in Fig. 6.
In Fig. 7 we show the resulting bound on gaγ assum-
ing massive ALPs coupling only with photons or with
photons, nucleons and electrons.
For the pure photon coupling the resulting limit im-
proves on existing limits in a sizable range from roughly
10 keV to about 100 keV. For example, at ma & 5 keV
the resulting limit is roughly gaγ . 5 × 10−11 GeV−1.
We notice that our bound is comparable to but slightly
better than the one from the diffuse gamma-ray flux
of decaying ALPs emitted by SNe presented in [23],
most likely due to our use of newer data from Fermi-
LAT. This also has to be compared with the the bound
placed by horizontal branch stars in globular clusters,
i.e. gaγ . 6 × 10−11 GeV−1 for ma . 10 keV [50].
At larger masses the bound on photon coupling is domi-
nated by the one obtained from decaying ALPs from SN
1987A [16]. The advantage of the DSNALPB over the
limit from SN 1987A is due to the cosmological baseline
∼ 1/H0 involved in the diffuse flux calculation. One can
therefore have decays also for smaller ALP masses, which
have a longer lifetime, see Eq. (17).
If we allow for a nucleon coupling as large as gap =
10−9 we see that the corresponding bound on gaγ is sig-
nificantly improved, e.g. for ma & 5 keV it reaches
gaγ . 6 × 10−13 GeV−1 and continues to improve to
10-3 10-2 10-1 1 1010-20
10-18
10-16
10-14
10-12
10-10
FIG. 7. Bounds on gaγ for decaying heavy ALPs from the
diffuse SN gamma-ray flux. We show the case with gap =
0 and gap = 10
−9. In the latter case we also indicate the
results for different values of the electron coupling gae. For
comparison we show the limits on the pure photon coupling
from horizontal branch stars [50] and from SN 1987A [16].
a level ∼ 10−19 GeV−1 at ∼ 20 MeV, stronger than all
other existing constraints.
ALPs with a mass ma > 1 MeV can also decay into
e+e− pairs. This effect tends to reduce the decay length
as well as the total number of photons produced from
ALP decays. Considering only the electron coupling the
length for the decay into electrons is given by [51],
le =
γv
Γa→e+e−
= 5.52× 1013 cm
(
10−13
gae
)2
(
50 MeV
ma
)2(
E
70 MeV
) 1− (maE )2
1−
(
1 MeV
ma
)2

1/2
.
(19)
The term inside the square brackets is of order unity
unless the ALP mass is close to the threshold allowing
for a decay into electrons and positrons, or the ALP is
non-relativistic.
Even when the decay channel into electrons is open,
it is easy to verify that the axion decay length is always
larger than 3× 1012cm (cf. [47]). For example, according
to Eq. (19), an ALP of mass 50 MeV, energy of 70 MeV
and a coupling to electrons gae = 10
−13 has a decay
length of ∼ 4 × 1013 cm. Therefore, in the following we
will assume that all ALPs decay outside of the SN enve-
lope.
Then, in order to count the number of photons, we
include the branching ratio for the decay into photons as
Γγ/(Γγ + Γe). The result of this calculation is shown in
Fig. 7 as the dashed curves with the labels indicating the
different values of gae.
8V. FUTURE PERSPECTIVES
As we have seen Fermi-LAT measurements of the dif-
fuse background set very competitive constraints on the
ALP parameter space. How do we expect such limits to
improve with future gamma-ray observations in the MeV
range?
This energy window is foreseen to be explored by new
instruments such as GAMMA-400 [52] and new missions
in the MeV domain, such as eASTROGAM [53] and/or
AMEGO [54].
The GAMMA-400 (Gamma Astronomical Multifunc-
tional Modular Apparatus) telescope is designed to inves-
tigate the origin of cosmic gamma rays from 20 MeV up
to 1 TeV (launch planned after 2026). With an analogous
field of view as the Fermi-LAT, GAMMA-400 will im-
prove significantly on angular (energy) resolution above
10 (1) GeV. However, GAMMA-400 performances at 100
MeV will be comparable to Fermi-LAT, with a reduction
of a factor ∼ 1.5 in effective area [55]. As confirmed by
comparing predictions for ALP constraints from detec-
tion of future SN explosions at different locations in the
sky of Refs. [17, 55], we expect comparable performances
of GAMMA-400 and the LAT also for the DSNALPB
search. In particular, given the very similar angular res-
olution at low energies, we do not expect GAMMA-400
to improve the determination of the diffuse background
by resolving more astrophysical sources.
The MeV domain (from hundreds of keV up to hun-
dreds of MeV) remains strongly under-explored with sen-
sitivity of past experiments being at least two orders
of magnitude larger than what current telescopes can
achieve. Missions like eASTROGAM and AMEGO have
been proposed to explore this energy window in the fu-
ture but they have not been approved yet. We refer to the
eASTROGAM instrument specification in [53] to predict
what constraints on ALPs we would get from DSNALPB.
We consider the pair-conversion domain (0.03 − 3 GeV)
which is the most relevant for our purposes. If we per-
form a simple sensitivity estimate based on effective area
performances, we can see that Fermi-LAT will still per-
form better than 10yr of eASTROGAM observations –
the effective area of Fermi-LAT being a factor of 10 larger
than the one of eASTROGAM at 100 MeV. However,
a 1yr observation with eASTROGAM will reach a fac-
tor of 2 better sensitivity to extragalactic objects than
10yr of Fermi-LAT data (1.2× 10−12 erg/cm2/s against
2.8× 10−12 erg/cm2/s at 100 MeV). This will boost our
ability to resolve more sources currently adding up to
the diffuse gamma-ray background, especially faint emit-
ters such as mis-aligned AGN and star-forming galaxies,
and to better constrain their contribution to the diffuse
background. Ultimately, a better constraint of the diffuse
background model components will improve our under-
standing of truly diffuse emission from, for example, the
DSNALPB.
On the other hand, limits from the DNSALPB decay
that we set by using data from COMPTEL, are expected
to improve at least by a factor of 2 (but up to a factor of
40), depending on the achieved eASTROGAM effective
area at the transition between the Compton and the pair-
conversion domain.
VI. CONCLUSIONS
Applying the energy loss argument to SNe sets strin-
gent limits on a wide range of couplings and masses of
ALPs. That said, huge amounts of energy could still be
emitted into such novel channels. Indeed, ALPs satu-
rating the SN 1987A limit are emitted as copiously as
neutrinos from SN cores. In this situation one not only
expects a strong ALP burst from each SN, but also a
large cosmic diffuse background flux from all past SNe,
the DSNALPB [20] in analogy to the diffuse SN neutrino
background.
In the minimal scenario in which ALPs couple only to
photons, they would be produced in a SN core via the
Primakoff process. Then the diffuse SN ALP flux would
convert into gamma rays in the Galactic magnetic field.
Using the recent measurement of the diffuse gamma-ray
flux by the Fermi-LAT experiment, this allows us to
place a new bound on the photon-ALP coupling. For
ma . 10−10 eV it is slightly better than the current
limit from CAST. While it is not as strong as the limit
from SN 1987A, it provides a complementary check since
it does not depend on a single event. The bound signifi-
cantly improves for scenarios in which ALPs couple also
to nucleons, where one would significantly enhance the
ALP emissivity in a SN through the NN bremsstrahlung
process. Taking the ALP-nucleon coupling close to the
limit from SN 1987A, the diffuse gamma-ray flux allows
to improve the bound on gaγ by two orders of magnitude
(cf. Fig. 5) and by about three orders of magnitude if we
use the constraints on the gamma-ray flux during the sin-
gle event of SN 1987A. Both these observations also set
stringent constraints of an explanation of X-ray observa-
tions of neutron stars [44] in terms of ALPs coupling to
both photons and neutrons.
Massive ALPs (with ma & 1 keV) are also constrained
from the diffuse gamma-ray flux produced by their de-
cay into photons (see also [23]). Even for a pure pho-
ton coupling this provides the best limit in a mass range
of roughly (10 − 100) keV. Allowing for an additional
nucleon coupling the sensitivity to the photon coupling
could be significantly better, exceeding all other limits by
several orders of magnitude, as can be seen from Fig. 5.
Even if, as is the case for light ALPs, the SN 1987A
bounds dominate over the one from the DSNALPB, it
is important to stress that they have different systematic
uncertainties and recognized or un-recognized loop holes.
Therefore, to corner ALPs it is important to use as many
independent approaches as possible.
Importantly, inclusion of different couplings (e.g. to
nucleons or electrons) can dramatically change the sensi-
tivity of the chosen approaches. Beyond that, considering
9different measurements may also allow us to determine
individual couplings3, thereby learning more about the
underlying fundamental structures. For example, in the
optimistic scenario that we can observe gamma rays from
the DSNALPB (or a future SN) and have a positive sig-
nal in IAXO [56, 57] we have a chance to determine both
the photon as well as the nucleon coupling. Similarly the
combination with a dark matter experiment sensitive to
either the photon [59–70] or the nucleon coupling [71]
would allow such a measurement.
Further improvements may be achieved by perform-
ing a dedicated analysis of the anisotropy in the diffuse
gamma-ray spectrum measured by Fermi-LAT. Indeed,
one expects that in the case of ALPs, the morphology of
the Galactic magnetic field would imprint special features
in the produced gamma-ray flux. Moreover, we have dis-
cussed how future gamma-ray experiments in the MeV
range have potential to improve the sensitivity. There-
fore, we hope that this approach of searching ALPs will
continue in the future, reaching a level of sophistication
similar to the one currently adopted in WIMP dark mat-
ter searches.
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